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INTRODUCTION
In saccular hair cells, most voltage-operated calcium channels (VOCCs) are thought to be clustered at presynaptic active zones [1] . This spatial distribution suggests their involvement in transmitter release at the afferent synapse [2] . Hair cell VOCCs also appear to be involved in the electrical tuning of cell receptor potential [3] .
In both auditory and vestibular hair cells, the major component of the VOCC population appears to be L-type, although non-L components have also been observed [4±9] . Where multiple calcium channel blockers have been tested on hair cells, nimodipine proved to be the most potent dihydropyridine (DHP) blocker [6, 9] , and ù-conotoxin GVIA the only effective non-L blocker [4, 5, 9, 10] (although no effect of ù-conotoxin GVIA was reported in [6] ).
From the molecular point of view, the predominant Ltype current observed in hair cells seems to be due to class D VOCCs [11] . Moreover, RT-PCR experiments reveal the presence in hair cells of mRNA coding for the R-type á 1E [8, 9] and for the ù-conotoxin GVIA sensitive á 1B [9] , and patch-clamp experiments showed the existence of a Ba 2 current component which can be blocked by low concentrations (1 ìM) of ù-conotoxin GVIA in isolated frog vestibular hair cells [9] .
In relation to the role of hair cell VOCCs, the only functional study available shows that L-type blockers affected OHC-mediated responses in the mammalian cochlea [12] , but there are no conclusive data about the role of L-type VOCCs in afferent transmission in that system.
To address the physiological roles of the various classes of VOCCs in hair cells, we studied the effects of selective Ca 2 channel agonists and antagonists on the afferent neuronal activity of isolated frog posterior semicircular canal. The use of this preparation offers several advantages: it avoids the need for possibly disruptive enzymatic or mechanical dissociation treatments and also allows the study of the hair cell-afferent system in isolation, ruling out possible in¯uences from CNS efferent system, or from the crista vascular bed. In addition, since there are only type II hair cells in the frog vestibular organs, all afferent synapses release transmitter in a Ca 2 -dependent manner [13] , a feature which has not yet conclusively demonstrated for type I hair cells [14] .
Our results suggest that DHP-sensitive VOCCs are mainly responsible for transmitter release from hair cells, whereas ù-conotoxin GVIA-sensitive channels participate in regulation of afferent ®ring but with only a secondary role.
MATERIALS AND METHODS
Experiments were performed on isolated posterior semicircular canals from the grass frog (Rana esculenta L.). Frogs were anesthetized with MS-222 (Novartis) and the posterior canal was dissected as described previously [15] . Isolated canals were mounted in a two-compartment chamber that separated endolymph from perilymph [16] . Mechanical stimulation of the canal was obtained by producing sinusoidal¯uid¯ows inside the canal through a microsyringe whose plunger was operated by a stepper motor. Sinusoidal plunger displacements of AE 5 ìm amplitude and 0.2 Hz frequencies were applied for 1 min duration as described previously [15] . Instantaneous ®ring rates (Nfr) were recorded both at rest (rNfr) and under mechanical stimulation (eNfr). Records were digitized with a sampling rate of 5 kHz and ®ltered at 20 Hz, using a 12-bit ADC (Digidata 1200) controlled by the software package Axoscope 7 (Axon Instruments) and stored on disk in a Pentium 233-based PC. Data for eNfr were taken as the peak values of the tenth stimulus cycle (i.e. after complete adaptation of the responses [17] ) normalized to control values. rNfr was taken as the average of the 30 s of resting activity preceding the stimulation protocols.
Solutions used had the following composition: arti®cial perilymph: NaCl 113.4 mM, KCl 2.5 mM, HEPES 5 mM, NaOH 2 mM, CaCl 2 1.8 mM, MgCl 2 1 mM, glucose 3 mM (pH 7.3); arti®cial endolymph: NaCl 15.9 mM, KCl 100 mM, HEPES 5 mM, CaCl 2 1.8 mM, NaOH 2 mM, glucose 3 mM (pH 7.3). The following drugs were added to the arti®cial perilymph: nifedipine (Sigma), nimodipine (Alexis), Bay-K ((À)-Bay-K 8644, RBI), ù-conotoxin GVIA (Alomone Labs), cadmium chloride (Sigma), nickel chloride (Sigma), ù-agatoxin IVA (a gift from P®zer, Inc.), ù-conotoxin MVIIC (Alomone Labs). All peptide toxins were dissolved in distilled water to a stock concentration of 1 mM or 100 ìM. Nimodipine and Bay-K 8644 were dissolved in DMSO, and nifedipine in ethanol, to attain a stock concentration of 50 mM. Control application of ethanol and DMSO at the same concentrations used in the DHP experiments did not affect semicircular canal electrical activity (not shown). Experiments involving DHPs were performed in reduced lighting to avoid degradation of the drugs. All drugs were applied by bath substitution (the perilymphatic compartment was perfused with 100 ml solution, at a rate of 10 ml/ min), except for ù-conotoxin GVIA (a bolus of concentrated toxin was added to the bath and time was allowed for diffusion equilibrium to the ®nal concentration). Bath perfusion was stopped during recordings to avoid mechanical artifacts.
Animal experiments were performed in accordance with the guidelines of the Declaration of Helsinki. Figure 1 summarizes the effects of calcium channel agonists and antagonists on resting (Fig. 1A ) and mechanically evoked (Fig. 1B) discharge of the semicircular canal afferent nerve. Both cadmium (n 4) and nickel (n 9) completely suppressed the resting and the mechanically evoked discharge at a concentration of 500 ìM. The DHP agonist Bay-K signi®cantly increased the resting ®ring rate at a concentration of 10 ìM (125 AE 5.4%; n 2), but it did not signi®cantly affect the response to mechanical stimulation (4.5 AE 2.5%). The DHP antagonist nifedipine (10 ìM) signi®-cantly reduced the resting nerve discharge (86.7 AE 6%; n 9), but it did not modify the mechanically evoked activity (6.7 AE 0.9%). In contrast, nimodipine 10 ìM signi®-cantly reduced both the resting and the mechanically evoked afferent neuron discharge rate (83.0 AE 12.5% and 77.3 AE 16.3%, respectively; n 10). DHP effects were partially reversible after prolonged washout with normal perilymph (not shown).
RESULTS
At a concentration of 5 or 10 ìM ù-conotoxin GVIA diminished the resting discharge (13.2 AE 2.8%; 5 ìM n 2) but not the evoked discharge (increased by 1.5 AE 0.7% in the presence of ù-conotoxin GVIA, n 2). In experiments in which ù-conotoxin GVIA 10 ìM (n 3) was applied concurrently with nimodipine (10 ìm), the reduction was 96.5 AE 3.5% for the resting discharge (signi®cantly larger than values for nimodipine alone) and 86.9 AE 8.9% for the mechanically evoked discharge (not signi®cantly different from the values for nimodipine alone).
In contrast, the effects of 10 ìM ù-conotoxin MVIIC (n 4) and 10 ìM ù-agatoxin IVA (n 3) on both resting and evoked afferent discharge were negligible in all the experiments in which these toxins were tested (not shown).
Nimodipine blockade of resting ( Fig. 2A) and evoked ( Fig. 2B ) discharge had a K d of 0.80 AE 0.29 ìM and 1.83 AE 0.42 ìM, respectively. However, even at saturating doses (10 ìM) nimodipine did not block the afferent discharge completely: maximal block extrapolated from the Hill ®t was 84.7 AE 6.3% and 76.0 AE 9.1%, respectively for resting and evoked discharge. The nimodipine-insensitive discharge was completely suppressed by Cd 2 500 ìM (see Fig. 1 ). Ni 2 also blocked resting and evoked discharge, but with weaker potency: the K d values for Cd 2 and Fig. 2A) and were 81.1 AE 19 ìM and 203.2 AE 63 ìM on the mechanically evoked discharge (Fig. 2B) .
DISCUSSION
The involvement of L-type VOCCs in hair cells transmitter release, which has been previously suggested based on indirect evidence [1] , is supported from a functional point of view by our present data. In fact, in our experiments, mechanically evoked whole nerve afferent discharge displayed a pharmacology similar to Ba 2 currents recorded from hair cells [9] , since both exhibited a major nimodipine-sensitive component, and a smaller non-L component.
The presence of a nimodipine-resistant afferent ®ring component may suggest that, as in other synapses, multiple VOCC types are involved in hair cell afferent transmission, possibly playing different roles depending on stimulus strength [18] . However, it appears unlikely that the N-type VOCCs observed in hair cells [9] are involved in hair cell transmitter release. In fact, the perilymphatic perfusion of ù-conotoxin GVIA preferentially blocked resting over mechanically evoked ®ring. This would be more consistent with a postsynaptic localization of N-type VOCCs, in agreement with recent data demonstrating the presence of N-type VOCCs in vestibular neurons [19] and their absence in the basolateral membrane of vestibular hair cells [20] . Another type of channel, possibly an á 1E -containing R-type [8, 9] could be responsible for the nimodipine-insensitive component; unfortunately, however, no selective pharmacological tools are available for these channels, and therefore it is not possible to pinpoint a clear role for them in the present work.
As regards the L-type channels involved in transmitter release, the stronger effect of nimodipine in respect to nifedipine on the mechanically evoked nerve discharge parallels data from isolated hair cells [6, 9] and may be due to the selectivity of the two drugs for different L-type isoforms [21] . On the other hand, the similar effects of the two drugs on the resting discharge could be due to differences in voltage dependence of their action [22] , to a differential involvement of VOCC pools in resting and evoked release [23] or to the involvement of a target different from VOCCs [24] . A voltage-dependent effect would also explain Bay-K action on the resting but not on the evoked activity: in fact it has been reported that Bay-K strongly increased Ba 2 currents in isolated hair cells at negative potentials, but its effect was limited for more positive potentials [4, 6] .
In the mouse cochlea [25] , the mRNA coding for the á1 subunit of L-type VOCC found in the organ of Corti (á 1D ) is different from that found in the spiral ganglion (á 1C ). The latter mRNA is probably encoding for the nitrendipine-sensitive L-type VOCCs observed in mouse vestibular neurons [19] . If the situation is similar in the frog, then it is possible that the VOCCs affecting the resting discharge included a postsynaptic L-type pool, while evoked discharge is mainly driven by a nimodipine-preferring presynaptic pool.
CONCLUSION
The present data support from a functional point of view the involvement of nimodipine-sensitive L-type VOCCs in the transmission at the hair cell afferent synapse, and suggest the presence (possibly on the postsynaptic side) of a ù-conotoxin GVIA sensitive pool modulating afferent ®ring.
